Abstract 19 2 BACKGROUND: This study elaborates the possibility to apply combined ionic liquid and 1
Screening of glycoside hydrolases and ionic liquids for fibre
. Briefly, anion metathesis from the commercially available tetrabutylphosphonium 10 chloride (1 eq), using potassium acetate (1.05 eq) in isopropanol, was performed. An 11 additional acetone precipitation step was used to precipitate excess potassium salts. 12
Filtration through celite and evaporation yielded the pure ionic liquid. Purity was followed 13 by 1 H NMR (DMSO-d6) to determine acetate to cation ratio and using Karl-Fischer 14 titration to ensure the water content was below 1% (w/w). 15 7 produced in E.coli at Aalto University. The other enzymes were obtained from commercial 1 sources or as pre-commercial preparates from ROAL Ltd. as indicated in Table 2 . 2
Enzyme screening

3
Screening of endoglucanase and xylanase activities in the presence of ILs was done using 4 miniaturized assays in 500 µL 96-well polypropylene microplates (Eppendorf GmbH, 5 Germany). Carboxymethyl cellulose (CMC) and birchwood xylan were used as substrates for 6 endoglucanases and xylanases, respectively. Enzymes were dosed to reactions based on 7 their activity. Activity necessary to hydrolyse 1-2% of the substrate polymer in the absence of 8 IL was determined and this dosing was used in all reactions. Reactions were performed in 9 200 µL volume followed by an assay of reducing sugars. A miniaturized version of the 10 dinitrosalicylic acid (DNS) method 25 was used except with one ionic liquid, [P4444]AcO. 11
This IL was found to be more compatible with the p-hydroxybenzoic acid hydrazide 12 (PAHBAH) assay. 26 Glucose or xylose was used as standard for the reducing sugar assay 13 and standard solutions were always prepared to the same IL solution that was used in the 14 enzyme assay. 15
Endoglucanases were assayed using 1% (w/v) carboxymethylcellulose (Sigma) as substrate 16 in sodium citrate buffer (pH 5) containing 0%, 15% or 40% (w/v) of ionic liquid. Buffer 17 strengths 50 mM and 200 mM were used with 15% and 40% (w/v) IL concentrations, 18 respectively. ILs were found to increase the pH of the solution (Table 1) and 50 mM citric  19 acid was used to adjust pH to the range 5-6. Among the studied ILs [Chol]AcO, [TMGH]n-20
PrCOO and [P4444]AcO were the most alkaline ones and pH adjustment with citric acid was 21 unsuccessful when 40% of these ionic liquids was present. Therefore, endoglucanase 22 activities in these conditions were measured without pH adjustment and pH in these 23 reactions was in the range 7-8.
8
Xylanase activities were assayed using 2% birchwood xylan as substrate (Sisco Research 1 Laboratories Ltd., India) in 50 mM phosphate buffer (pH 7) containing 0,15 or 40% (w/v) of 2 ionic liquid. To check the activity of the enzyme with different concentrations of ILs, the pH 3 was adjusted to 7 after the addition of IL, using 50 mM phosphoric acid. 4
Assay temperatures 50˚C and 60˚C were used for endoglucanases and xylanases, 5 respectively. For P. horikoshii endoglucanase, T. maritima xylanase and D. thermophilum 6 xylanases 70˚C assay temperature was used due to drastically decreasing activity in lower 7
temperatures. Bovine serum albumin (BSA, 0.1 mg/mL) was added to each reaction to 8 prevent unspecific enzyme binding to plate wells. Two hours incubation time with no 9 agitation was applied for all sample plates. All reactions were carried out in triplicates. 10
Pulp swelling in aqueous ionic liquid solutions
11
Dry pulp sheets were homogenized by soaking them in water (1 g pulp/ 66 g of water) for 4 12 hours. The wet pulps were disintegrating using an electric kitchen mixer, followed by 13 dewatering by vacuum filtration on a 60 µm wire cloth. After dewatering the homogenized 14 pulps had dry contents of ca. 50%. 15
For swelling/dissolution experiments, 10-20 mg (dry weight) of homogenized pulp was 16 weighed into a glass test tube. Water and IL were added, taking into account the water 17 present in the pulp, to form a pulp dispersion in 90% (w/w) IL. The pulp dispersion in 18 aqueous IL was heated to 80°C and subjected to magnetic stirring for 3 h in sealed test 19 tubes in a temperature-controlled water bath. Samples were taken for light microscopy 20 examination after 180 min. Light microscopy was performed with an Olympus BX61 21 microscope (Olympus Corp., Japan) and digital image recording was performed with the Soft occurred at fibre ends. Unwinding was the most prominent mechanism observed with birch 15 dissolving pulp whereas ballooning was more prominent with softwood kraft pulp. 16
Ballooning-type of swelling has been previously described to occur for cotton and wood 17 fibres in ionic liquid solutions. 6 In ballooning, S2 layer of the secondary cell wall is 18 suggested to swell faster compared to the S1 layer, which causes the lower layer to burst 19 out and form balloon structures to the fibre. 28 Recalcitrance of individual fibres to changes 20 caused by the IL treatments was found to vary significantly (Fig. 2 ). Although only a minority 21 of the fibres showed visible changes after IL treatment, these changes can be expected to 22 change the bulk properties of the pulp. 23
Screening of endoglucanases and xylanases for ionic liquid
The hydrolytic performance of 13 endoglucanases and 5 xylanases was studied in the 3 presence of seven cellulose-dissolving or swelling ILs. Enzymes were selected to represent 4 different glycoside hydrolase (GH) families to ensure a broad variation in the enzyme 5 structures. For endoglucanases, GH families 5,7,12, and 45, and for xylanases, GH families 6 10 and 11 were represented ( Table 2 ). Enzymes of bacterial and fungal origin were involved 7 and special attention was paid to involve enzymes with notable thermostability due to the 8 previously suggested correlation between thermostability and IL-tolerance.
17,29 A 9 miniaturized screening assay was developed to allow high throughput operation and to 10 minimize the use of ILs and enzymes in the screening. A long assay time (2h) was chosen to 11 reflect factors related to both enzyme activity and stability in the aqueous IL solution. 12
Screening of endoglucanases 13
Hydrolysis of carboxymethyl cellulose (CMC) with 13 endoglucanases was studied in the 14 presence of 15% (w/v) of ionic liquids (Fig. 3) . Six enzymes from different GH families with 15 promising IL-tolerance were chosen for an additional screening round with 40% (w/v) ILs 16 (Fig. 4) . Results are shown as relative activities (%), the 100% level representing enzyme 17 activity in a pH 5 buffer solution. An averaged value of activity in the presence of different ILs 18 was calculated for each enzyme aiming to describe the overall IL-tolerance of the enzyme 19 ( Fig. 3 and Fig. 4) . 20
Enzyme activity in the presence of 15 and 40% (w/v) ILs varied widely between 21 endoglucanases, ranging from complete enzyme inactivation (0% relative activity) to an 22 activating effect (>100% relative activity) (Fig. 3 and Fig. 4) 
11
An averaged value of relative activity was calculated for each enzyme which represents the 1 overall stability of the enzyme in the presence of all studied ILs (last rows in Fig. 3 and 4) . 2
According to the averaged activity values, PhGH5 and 1_GH45+CBM were the most IL-3 tolerant enzymes in the presence of 15% (w/v) and 40% (w/v) of ILs. Both enzymes, PhGH5 4 and 1_GH45+CBM, originate from thermophilic organisms, i.e. from the extremophile 5 bacterium P. horikoshii and from a thermotolerant fungus, respectively. For PhGH5, good IL 6 tolerance has been reported previously. 17 In all cases, good thermostability alone did not 7 result in good IL tolerance. The commercial endoglucanases CtGHX, TmGH5 and DtGHX 8 from thermophilic bacteria Clostridium thermocellum, Thermotoga maritima and 9
Dictyoglomus turgidum, respectively, had the poorest IL tolerance among the studied 10 enzymes. Less than 20% of relative activity (averaged value) was retained in the presence 11 of 15% (w/v) of the ILs. Endoglucanases TrGH7 and TrGH5 from the mesophilic and 12 industrially important organism Trichoderma reesei retained 57% and 44% of activity 13
(averaged values) in the presence of 15% (w/v) IL, respectively. TrGH7 (former EGI) was 14 found to be generally more IL tolerant compared to the other endoglucanase TrGH5 (former 15 EGII) from T. reesei, although TrGH7 structure is more labile at elevated temperatures. 30 In 16 this study, the most IL-tolerant endoglucanases represented GH families 5 and 45. 17
Two structural variants of a 1_GH45 endoglucanase were included in the study, one carrying 32 O-glycans have been shown to increase the enzyme resistance to 4 proteolytic cleavage and increase thermostability. 33 In this study the highly O-glycosylated 5 linker peptide may have shielded the enzyme from the inactivating effect of ILs. When 6 endoglucanase action on solid cellulosic substrate has been studied, ionic liquids are found 7 to interfere with CBM interaction with cellulose. 34 Accordingly, CBM or linker-bound O-8 glycans may bring additional structural stability to an enzyme in the presence of ILs but the 9 functional role of CBM in targeted cellulose binding may be compromised. 10
Screening of xylanases 11
The hydrolysis efficiency of five GH10 and GH11 xylanases were tested in 15% (w/v) and 12 40% (w/v) IL solutions ( Fig. 5 A and Fig. 5 B, respectively) . Enzyme tolerance to ILs varied 13 greatly, although the GH10 xylanases (TfXYN10A, TmXYN10B, GH10) showed generally 14 higher IL tolerance 23,35 over the GH11 xylanases (DtXYN11B, GH11). 24 Among the studied 15 enzymes TfXYN10A was the most IL-tolerant enzyme retaining 100% and 48% of relative 16 activity (averaged) in the presence of 15% and 40% IL, respectively. TfXyn10A retained its 17 full activity even in the presence of 15% [P4444]AcO which was found to be a highly 18 inactivating IL for the other enzymes. showed that this enzyme tolerates a large array of hydrophilic ILs. Among GH10 xylanases, 22 the order of IL tolerance was TfXYN10A > GH10 > TmXYN10B and it remained the same in 23 both 15% and 40% IL concentrations. Among the two GH11 xylanases DtXyn11B was more
13
Although enzyme thermostability has been correlated with IL-tolerance 17 the results 1 obtained with GH10 xylanases highlight also that thermostability does not inherently 2 implicate good IL tolerance. 24 Among the studied xylanases TmXYN10B was the most 3 thermostable enzyme, but it was not the most IL-tolerant one. However, this enzyme has 4 demonstrated its hydrolytic efficiency in the presence of IL at higher temperatures (80-5 100°C). In previous studies and in this study, family GH10 xylanases were generally found to be 7 more IL-tolerant compared to family GH11 enzymes. 35 Earlier findings with [EMIM]AcO 8 suggest that the IL interferes with substrate binding in the active site and this competitive 9 inhibition may be more pronounced with family GH11 xylanases. 24 The difference in activity 10 among these enzymes in the presence of ILs appears to be based on differences in the 11 active site and was revealed by molecular docking studies between the enzyme and the IL 12 cation. 35, 36 Probably the narrow and deep active site of GH11 xylanases allows transient 13 binding of a large amounts of [EMIM] + cations, thus preventing the binding of a substrate. 14 Consequently, the activity is hindered by competitive inhibition posed by binding of the IL 15 cation. 37 Jaeger and Pfaendtner (2013) proposed a mechanism based on molecular 16 dynamics simulation that IL cations may bind to some places in the xylanase active site. + cations is distributed 21 in a more restricted area than in GH11 xylanases 35 , which is in line with the conclusion of 22 lower competitive inhibition in GH10 enzymes. Nevertheless, the high thermostability 23 probably protects against the structural unfolding effect of ILs also in xylanases.
14
Comparison of the effect of ionic liquids on enzyme activity and fibre-swelling 1 capability 2 Among the studied ILs, [DMIM]DMP was the most enzyme-compatible IL at 40% (w/v) 3 consistency both with endoglucanases and xylanases (Fig. 3 and Fig. 5 B, respectively) . In a 4 previous study [DMIM]DMP has been identified as least inhibitory to the studied enzymes 5 among four different ILs. 38 In this study, the imidazolium and phosphate based ionic liquids 6 (Table 1) . 8
There appears to be a clear trend that longer alkyl side chains in the IL structure led to lower 9 compatibility with enzymes. This trend has previously been observed with a series of 10 imidazolium-and phosphate-based ILs. 39 Within the series of imidazolium-and phosphate-11 based ILs, [BMIM]DBP, which carries the longest alkyl side chains both in the anion and 12 cation was also least compatible with the studied endoglucanases and xylanases. Among 13 the studied ILs, [P4444]AcO was clearly the most inhibitory to all studied enzymes, both 14 endoglucanases and xylanases, except that TfXyn10A was highly active in it at 15% (w/v) IL 15 concentration. Tetrabutylphosphonium [P4444] cation carries four four-carbon alkyl chain 16 substituents and the IL is also highly alkaline in aqueous solutions (Table 1) , which may be 17 predictive of poor enzyme compatibility. In a recently published study [Chol] AcO has been 18 found to be reasonably cellulase-compatible as compared to [EMIM]AcO. 40 In this study 19
[Chol]AcO was also among the least toxic of the studied ILs.
[TMGH]n-PrCOO has in a 20 previous study been found to be more inactivating for T. reesei Interestingly, the fibre swelling capacity of the studied ILs appeared to follow the same trend 24 as was the case for enzyme compatibility (Table 1, Fig. 3 and Fig. 4) . Especially in the case 25 of the imidazolium-based ILs, longer alkyl substituents on either the IL cation, anion or on 26 both was detrimental to their capability to make visible changes to the fibre morphology, 
Conclusions
6
The aim of this study was to find ionic liquid (IL) and enzyme combinations that may be used 7 simultaneously or sequentially to modify pulp fibres. At 40% (w/v) IL concentration several 8 IL-enzyme combinations retained more than 50% of activity. Endoglucanase from 9 hyperthermophilic organism P. horikoshii was found to be highly stable in the presence of ILs 10 together with a family GH45 endoglucanase (1_GH45+CBM) of fungal origin. Among the 11 studied xylanases, GH10 T. flexuosa xylanase (TfXYN10A) was found to be the most IL-12 tolerant xylanase. In general, family GH10 xylanases were more IL-tolerant compared to 13 family GH11 xylanases. [EMIM]DMP 1-Ethyl-3-methylimidazolium dimethylphosphate ++++ 6.5
[BMIM]DMP 1-Butyl-3-methylimidazolium dimethylphosphate ++ 5.5-6
[BMIM]DBP 1-Butyl-3-methylimidazolium dibutylphosphate 0 6-7
[Chol]AcO Cholinium acetate 0 8
[TMGH] n-PrCOO 1,1,3,3-Tetramethylguanidinium butyrate + 7.5-8 a pH value was measured from a mixture of 40% IL in 50 mM sodium citrate buffer (pH 5) using pH indicator paper b no effect (0), minor effect (+), major effect (++++), effect on dissolving pulp fibres was evaluated from light microscopy images. Examples of representative light microscopy images are available in the supplementary material ( Fig. S6 and S7 ).
[P4444]AcO Tetrabutylphosphonium acetate + 9 
